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__________________________________________________________________________24 
ABSTRACT 25 
 26 
Fat globules interspersed in the protein network have a major role in cream cheese texture 27 
that greatly impacts on its consumer acceptability. This study investigated the effects of fat 28 
content on the lubrication, rheological, and structural characteristics of cream cheeses 29 
manufactured with 0.5, 5.5 or 11.6% (w/w) fat content. All three cheese samples showed 30 
viscoelastic, non-Newtonian and shear thinning behaviour. The fat contents were shown to 31 
affect tribological behaviour and their high-speed regimes correlated well with the bulk 32 
rheology (viscosity). The low-fat content was associated with higher friction, firmer texture 33 
and reduced spreadability of the cream cheese, due to fewer fat globules being interspersed in 34 
the protein matrix, which was confirmed from confocal images.    35 
___________________________________________________________________________ 36 
  37 
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1. Introduction  38 
 39 
Cream cheese is an unripened cheese made from cream, or a mixture of cream and 40 
milk, by acidification with a mesophilic culture and rennet as a coagulant. Cream cheese is 41 
rich in fat and milk proteins, i.e., caseins and whey proteins (Phadungath, 2005). FDA 42 
regulations require that cream cheese should have a minimum of 33% fat and a maximum of 43 
55% moisture content (FDA, 2015).  Traditional cream cheese is characterised by a soft, 44 
creamy and spreadable texture, smooth consistency, white to slightly yellow in colour, and a 45 
mildly acidic taste with a diacetyl flavour.  It is commonly consumed as a spread or a dip. 46 
The texture of cream cheese is an important factor in its acceptability by consumers and it is 47 
expected to be rich, smooth and free from lumps and grittiness; attributes to which the high-48 
fat content contributes.  49 
However, current trends are shifting towards low-fat products, because of the 50 
association of high-fat with lifestyle-related disorders, particularly hypercholesterolaemia. 51 
This has prompted food companies to produce low-fat cream cheese, but low-fat foods 52 
generally lack the mouthfeel and flavour associated with their traditional higher fat 53 
counterparts, as fat content strongly influences the overall sensory characteristics of the final 54 
product. Consequently, the food industry is facing a big challenge in satisfying consumer 55 
demand for healthy foods with taste, texture and aroma similar to that of the high-fat product.  56 
Texture is based on a group of physical properties that originate from the structure of 57 
food and the way its constituents interact (Pereira, Gomes, & Malcata, 2009). Cream cheese 58 
structure has a continuous protein gel network (composed of protein, water, and dissolved 59 
solids), disrupted with interspersed fat globules. Cream cheese texture is influenced by 60 
processing conditions such as homogenisation, pH, temperature of heat treatment after 61 
fermentation, basic composition (mainly the proportion of protein and fat content), moisture 62 
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content, and the addition of salt or hydrocolloids. Brighenti, Govindasamy-Lucey, Lim, 63 
Nelson, and Lucey (2008) studied the oral perception and textural attributes of commercial 64 
spreadable cheeses and suggested that fat influences the sensory attributes associated with in-65 
mouth textural and mouthfeel sensation of panellists, and its spreadability. In studies on 66 
sensory characteristics of cream cheese with different fat contents, texture was found to be 67 
more important than flavour in differentiating the samples (Bayarri, Carbonell, & Costell, 68 
2012; Wendin, Langton, Caous, & Hall, 2000). Therefore, understanding the structural 69 
differences between high-fat and low-fat cream cheese is essential to determine how the 70 
texture of low-fat cream cheese can be designed to be similar to that of high-fat cream 71 
cheese.  72 
Rheology determines the textural properties, such as viscoelasticity, yield stress, and 73 
flow behaviour of semi-solid products. Many researchers have characterised the functional 74 
properties of cheese and modified its structure, based on rheological measurements. Zalazar 75 
et al. (2002) studied the effects of moisture level and the addition of fat replacer on the 76 
melting behaviour of low-fat soft cheese; they observed differences in rheological behaviour 77 
for low- and full-fat samples. Lee, Anema, and Klostermeyer (2004) also observed 78 
differences in shear thinning and thixotropic behaviour for cheese with different levels of 79 
moisture content. The above studies indicate that G′ (storage modulus) and G″ (loss modulus) 80 
change in response to the composition of the cheese, and also temperature. Bayarri et al. 81 
(2012) and Brighenti (2009) reported that the rheology of cream cheese is complex and a 82 
function of its microstructure, composition, macrostructure, and physicochemical state of its 83 
ingredients, as determined by processing methods.  84 
Fat plays an important role in oral sensations like smoothness, creaminess, 85 
astringency, etc., that cannot be described by rheometer alone (Nguyen, Bhandari, & Prakash, 86 
2016; Sonne, Busch-Stockfisch, Weiss, & Hinrichs, 2014). Thus there is a growing interest in 87 
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tribology (the study of friction between two interacting surfaces) the study of which helps 88 
provide an understanding of the mouthfeel aspects of food texture when food is in the form of 89 
a thin film. During oral processing, food acts as a lubricant, hence the frictional forces during 90 
in-mouth processing depend on the food properties. There are limited studies on the 91 
tribological measurement of dairy products, including cream cheese, but it is clear that high-92 
fat cream cheese has a lower friction coefficient than that of low-fat cream cheese due to the 93 
presence of the high levels of fat. Thus, the main objective of this work was to investigate the 94 
lubrication or tribological properties of cream cheese with respect to its fat content. This 95 
research was designed to provide a greater in-depth understanding of the role of fat in 96 
modulating the texture, rheology, lubrication, and microstructure of cream cheese.  97 
 98 
2. Materials and methods 99 
 100 
2.1. Materials 101 
 102 
Commercial pasteurised and homogenised milk of different fat contents (3.8, 1.3 and 103 
0.1%, w/w, fat), were used for manufacturing high-, medium- and low-fat cream cheese. The 104 
protein: fat ratio of the milk was 0.86, 2.62, and 38 for high-fat, medium-fat and low-fat milk, 105 
respectively. Freeze dried mesophilic culture (FD-DVS R-704TM, Chr. Hansen, Hørsholm, 106 
Denmark) and rennet (200 IMCU mL-1; Chy-max PLUSTM, Chr. Hansen) were used for 107 
acidification and coagulation during the process of manufacturing cream cheese.  Table salt 108 
and cheese cloth were also obtained from local supermarkets. 109 
 110 
2.2. Cream cheese manufacture 111 
 112 
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The procedure (Fig. 1) followed for cream cheese production with three different fat 113 
levels was adopted from Phadungath (2005). Pasteurised milk was heated to 28 °C in a 114 
waterbath, and then starter culture (0.06 g 1.5 L-1) and rennet were added. The fermentation 115 
continued for 15 h until a soft firm curd formed (pH 4.6–4.7) following which the curd was 116 
cut and heated to 55 °C for 15 min to allow separation of whey. Subsequently, the curd was 117 
drained using a colander lined with cheese cloth and left for 5 h at ambient temperature and 118 
finally pressed for 5 min. The cheese curd was then weighed, and mixed with salt (0.5%, 119 
w/w) using a food mixer (HomemakerTM, GS-6118, 220–240 V, 50–60Hz, 450W) set at speed 120 
1 for 2 min. The cream cheese was then transferred to plastic containers and immediately 121 
stored at 4 °C until further analysis. 122 
 123 
2.3. Compositional analysis 124 
 125 
2.3.1. Moisture determination  126 
The moisture content of the cream cheese was directly measured using a moisture 127 
analyser balance (Ohaus Halogen, MB 45), with 3 g of samples being distributed 128 
homogenously on an aluminium drying pan (Oommen, Mistry, & Nair, 2000). The balance 129 
has a halogen dryer unit that operates on the thermogravimetric principle determining the 130 
moisture content from weight loss of a sample dried by heating. The heating process involved 131 
2 steps:  step 1, 130 °C for 5 min; step 2, 105 °C for 1 min; following which the moisture 132 
content was recorded. The weight loss per unit of time was set at A30, which means that if 133 
the mean weight loss was less than 1 mg loss in 30 s, the instrument records that drying is 134 
complete. The moisture content of non-fat solids (MNFS) was calculated as MNFS = % 135 
moisture / (100 - % fat). 136 
 137 
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2.3.2. Fat and protein determination 138 
The percentage fat and total protein content in the three cheese samples were 139 
determined by the Gerber method and Micro-Kjeldahl method, respectively, as described in 140 
Giri, Kanawjia, and Khetra (2014). 141 
 142 
2.4. Cheese yield 143 
 144 
Actual cream cheese yield was calculated (equation 1) as the percentage of cheese 145 
obtained from 1 kg of milk after pressing and adding 0.5% salt.  146 
Cream cheese yield (%) = (kg of cream cheese/kg of milk) × 100  (1) 147 
 148 
2.5. Particle size measurement   149 
 150 
The particle size distribution of cream cheese with different fat contents was measured 151 
with a Mastersizer 2000 (Malvern Instruments), equipped with a red He-Ne laser beam (633 152 
nm) and a blue light source (466 nm) using the method described by Michalski, Briard, and 153 
Michel (2001). Cream cheese samples were added directly to the sampling unit filled with 154 
distilled water at room temperature until 12% laser obscuration was reached. A refractive 155 
index of 1.46 was used for the dispersed phase and 1.33 for water for the continuous phase. 156 
The diameter below which 90% of the volume of particles were found, d(0.9), and the 157 
volume-weighted mean diameter, D[3.2], were determined.  158 
 159 
2.6. Microstructural analysis  160 
 161 
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The staining of the samples was done using the method described in Auty, Twomey, 162 
Guinee, and Mulvihill (2001) to image the microstructure of cream cheese samples using a 163 
confocal laser scanning microscope (CLSM). Fluorescent dyes, Nile Red (0.02% in PEG200) 164 
and Rhodamine B (0.01% in PEG200), were used to stain the fat and protein phases of the 165 
cream cheese samples, respectively. Samples were imaged using a Zeiss LSM700 confocal 166 
microscope. Excitation was performed at 488 nm laser for the fat phase and at 555 nm laser 167 
for the protein phase. 168 
 169 
2.7. Textural analysis 170 
 171 
Firmness, spreadability and adhesiveness of the cream cheese samples were 172 
determined using a texture analyser (TA-XTplus, Micro Stable System Co., UK). A cone-173 
shaped acrylic probe (TA15/1000, 45° angle, 30 mm diameter), was used to apply 20 mm 174 
penetration on cream cheese samples with two successive compressions at a test and return 175 
speed of 1 mm s-1 and trigger force of 4.0 g at a data acquisition rate of 100 points. The cream 176 
cheese samples were kept in 70 mL containers (54 × 44 mm) and the measurements were 177 
made immediately after removal from the fridge (4 °C). The firmness, spreadability and 178 
adhesiveness were calculated as described in Bourne (2002).  179 
 180 
2.8. Flow and gel behaviour  181 
 182 
The viscosity and gel behaviour of the cream cheese samples were measured using 183 
steady-state shear measurement. All measurements were carried out in a stress-controlled AR 184 
G2 rheometer (TA Instrument, USA) using 40 mm parallel plate geometry glued with 185 
flexOvit sand paper P240 (to avoid slip) at 1000 µm gap for the shear rate ranging from 0.1 to 186 
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1000 s-1. A solvent trap cover and a standard Peltier hood with solvent trap filled with 187 
deionised water were used to mitigate sample drying during the experiment. The sample was 188 
equilibrated at room temperature (22–25 °C) for an hour before measurement. At the 189 
beginning of each test, the sample was equilibrated again at 35 °C for 60 s between the 190 
parallel plates at the measurement gap.  191 
A strain sweep test from 0.01–100 % was carried out to determine the linear 192 
viscoelastic range at a constant angular frequency of 1 Hz. The gel behaviour (G′ and G″) of 193 
cream cheese samples was measured using a frequency sweep with a frequency ranging from 194 
0.01–100 Hz at a constant strain of 0.1 %, within the linear viscoelastic range. All tests were 195 
performed at 35 °C to simulate oral conditions and conducted triplicates.   196 
 197 
2.9. Lubrication behaviour 198 
 199 
Tribological measurements on cream cheese samples were done using ring-on-plate 200 
tribo-rheometry with a Discovery Hybrid Rheometer (TA Instruments, USA) on a rough 201 
plastic surface of 3M Transpose Surgical Tape 1527-2 as described by Nguyen et al. (2016). 202 
To simulate the oral processing condition, tribology measurements were performed at 35 °C 203 
and at axial force 1, 2, 3 and 5 N. The samples were pre-sheared at 0.01 s-1 for 1 min, and 204 
then equilibrated for another 1 min before each measurement. The friction results between the 205 
tribo-geometry and the tape surfaces were recorded for rotational speeds from 0.01 to 100 s-1 206 
with 20 points per decade. All tests were conducted in triplicate to obtain average values. 207 
To quantify the behaviour of friction the slope of each regime is defined by the 208 
following equation relationships as described by Nguyen et al. (2016) and Nguyen, 209 
Kravchuk, Bhandari, and Prakash (2017): 210 
 211 
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Boundary regime:   f = fb           (2) 212 
Mixed regime:   f = amv + bm          (3) 213 
Hydrodynamic regime:  f = ahv + bh        (4) 214 
 215 
where: fb, boundary friction coefficient (the lower value of , the higher low-speed regime of 216 
the sample); am, slope of the mixed regime, which should be a negative number [the lower 217 
(more negative) value of am, the higher medium-speed regime of the sample]; ah, slope of the 218 
hydrodynamic regime, which could be either negative or positive  (the higher, i.e., more 219 
positive, value of ah, the higher high-speed regime of the sample); bm and bh, intercepts, each 220 
of which has a constant value; v, sliding speed (mm s-1) 221 
 222 
2.10. Statistical analysis 223 
 224 
Three fresh batches of cream cheese samples (low-fat, medium-fat, high-fat cream 225 
cheese) were prepared. All analyses were conducted in triplicate. The experimental data were 226 
collated and analysed using Minitab® 16 statistical package. The data were subjected to 227 
analysis of variance (ANOVA) using the general linear model (GLM) to determine 228 
significant treatments at a 5% level of significance. The results were reported as mean values 229 
for each attribute, and the Tukey’s test was performed for multiple comparisons of the 230 
treatments.  231 
 232 
3. Results and discussions 233 
 234 
This research investigated the effects of fat content on the tribological properties of 235 
cream cheese. However, to explain the frictional properties of cream cheese, conventional 236 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
quality attributes like the composition, rheology, textural characteristics, particle size 237 
distribution and microstructure, were also determined. 238 
 239 
3.1. Compositional analysis and cheese yield 240 
 241 
The percentage of fat, protein, total moisture, moisture non-fat solids (MNFS), yield, 242 
and the moisture to protein ratio (M:P) of low, medium and high-fat cream cheese samples 243 
are presented in Table 1. A reduction in fat percentage in cream cheese significantly increases 244 
the percentage of protein and moisture but decreases the cheese yield. The yield was highest 245 
for high-fat cream cheese (24.6%), followed by medium (16.9%) and low-fat (15.8%) cream 246 
cheese due to the increase of total solids, as observed by Hinrichs (2001). As the fat content 247 
of curd increases, it becomes increasingly difficult to expel moisture; consequently, an 248 
increase in M:P results in an increase in cheese yield (Law & Tamime, 2010). Similarly, the 249 
influence of fat and protein content in cheese yield were identified from previous research 250 
(Hinrichs, 2001; Lobato-Calleros et al., 2007). Moreover, these results are in agreement with 251 
those reported by Lee et al. (2004), who found a higher moisture content (73%) in 252 
commercial low-fat processed cheese spread compared with a full-fat counterpart (44–60%).   253 
In the manufacture of low-fat cheese, the percentage of MNFS is crucial for 254 
maintaining the texture (Guinee, Auty, & Fenelon, 2000; Johnson, Kapoor, McMahon, 255 
McCoy, & Narasimmon, 2009). Fat acts as a filler in the para-casein network of cream cheese 256 
matrices, and physically limits the aggregation of protein and impedes syneresis (Fox, 257 
Guinee, Cogan, & McSweeney, 2000). Having less fat in the cheese curd tends to produce 258 
cheese with lower MNFS, even though the total moisture and protein content increases. In 259 
low-fat cream cheese, the fat is mainly replaced with moisture and protein. However, because 260 
the moisture does not replace the fat on an equal basis, there is a significant decrease in the 261 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
MNFS as the fat level decreases (Rudan, Barbano, Joseph Yun, & Kindstedt, 1999). This was 262 
also observed in this study (Table 1), with low-fat cream cheese having a lower percentage of 263 
MNFS (75.59%) compared with high-fat cream cheese (79.92%). Also, as the fat content in 264 
cheese is reduced, moisture content increases and protein plays a greater role in texture 265 
development, resulting in a harder cream cheese texture (Johnson et al., 2009). The hard 266 
texture of low-fat cream cheese, even though the moisture content is significantly higher than 267 
in high-fat cheese, is due to the continuous matrix of protein. This is discussed in section 3.3.   268 
 269 
3.2. Particle size distribution of cream cheese  270 
 271 
The three cream cheese samples (low, medium and high-fat) showed a monomodal 272 
distribution (Fig. 2a). For the high-fat cream cheese, the particle size distribution was low and 273 
in the range 1.66–85.56 µm; in comparison the particle size distribution in the low-fat cream 274 
cheese was around 2.82–1995.46 µm. The largest particle size in low-fat cream cheese was > 275 
100 µm. Since the mean size of fat in milk was only around 2 µm (Fig. 2b), the presence of 276 
large particle size in low-fat cream cheese probably reflects a contribution of fat aggregated 277 
with casein. The higher ratio of casein to fat contributes higher tendency of coalescence, as 278 
reported by Johansen, Laugesen, Janhøj, Ipsen, and Frøst (2008). Alternatively it is possible 279 
that the increased protein content leads to the formation of large aggregates of firm particles, 280 
due to fat-casein interaction (more details in section 3.4) that are difficult to disperse in 281 
solution (Liu, Xu, & Guo, 2007) as confirmed by large D[3.2] and d(0.9) values (Table 3). 282 
All samples were significantly different (P<0.05) in D[3.2] values, with low-fat cream cheese 283 
having a larger particle size (18.2 ± 1.9 µm) compared with those of medium- and high-fat 284 
cream cheese. 285 
 286 
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3.3. Microstructure 287 
 288 
The texture of cream cheeses with different fat content was reflected in its 289 
microstructure and image analysis, as seen in Fig. 3a–c.  The images clearly indicate a change 290 
in the cheese structure as a function of fat content. In general, the matrices of cream cheese 291 
appear as aggregates of the protein-water matrix, containing a small number of large and 292 
unevenly dispersed fat globules acting like fillers (Monteiro, Tavares, Kindstedt, & Gigante, 293 
2009). 294 
As seen in Fig. 3a, the high-fat cream cheese was characterised by a protein gel 295 
particle matrix (red) interspersed with fat globules (green) of various sizes and shapes. With 296 
low and medium-fat cream cheese (Fig. 3b,c), fat occurred as uniformly dispersed discrete 297 
globules with little evidence of clumping. The microstructure of cream cheese containing 298 
11.6% fat was distinctly different from that of cream cheese with 5.5% and 0.5% fat. The 299 
high-fat cream cheese had more intact milk fat globules that also aggregated, resulting in 300 
large fat globules, while in low-fat cream cheese predominantly intact milk fat globules were 301 
seen. This result is similar to those in the Wendin et al. (2000) study, in which increasingly 302 
larger fat globules in cream cheese matrix were also observed as the fat content was 303 
increased.   304 
A reduction in fat content resulted in a decrease in the number of fat globules, 305 
therefore low-fat cream cheese had a more compact protein matrix with less open spaces that 306 
would have been occupied by milk fat globules. Fig. 3c clearly confirms the dense and 307 
compact protein network around the fat globules in low-fat cream cheese compared with that 308 
of medium- and high-fat cream cheese (Fig. 3a,b). Since the fat globules were fewer and 309 
smaller in size and distributed evenly within the dense protein network, it was difficult for the 310 
agglomeration of fat globules to occur in low-fat cream cheese where the massive protein 311 
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matrix keeps the small fat droplets well dispersed. The consequence of the protein-dominated 312 
structure of low-fat cream cheese was a compact, firm and rubbery body and texture (more 313 
details in section 3.4); this is similar to the results obtained by Wendin et al. (2000) with low-314 
fat cream cheese. Even the high moisture content of the cheese did not soften the protein 315 
matrix (Tables 1 and 2). In contrary, as the amount and size of fat increased, the clumping 316 
and coalescence of fat globules became more evident. This will soften the texture of high-fat 317 
cream cheese since the fat droplets disrupt the protein matrix, as explained by Romeih, 318 
Michaelidou, Biliaderis, and Zerfiridis (2002).  319 
 320 
3.4. Textural properties 321 
 322 
The firmness, spreadability and adhesiveness of the three cream cheese samples in 323 
relation to texture profile analysis (TPA) are presented in Table 2. Fat content significantly 324 
affected the firmness and spreadability of cream cheese; an increase in fat content made the 325 
cream cheese more spreadable, reducing the firmness and stickiness of the cheese.  326 
The texture of high-fat cream cheese was softer (firmness score of 1.3 N) compared 327 
with low and medium-fat cream cheese (firmness scores of 3.1 N and 1.7 N), although the 328 
moisture content was lower (Table 1). This was due to the interspersed fat within the protein 329 
network breaking the protein matrix and acting as a lubricant to provide a softer texture 330 
(Romeih et al., 2002). In our study, the hardness was significantly higher (P<0.05) in cream 331 
cheese formulations with reduced fat content, resulting in a firmer texture (Table 2). A 332 
decrease in fat content was accompanied by a significant increase in protein and a decrease in 333 
M:P ratio (Table 1) that resulted in the cream cheese matrix becoming more rigid, with a 334 
stronger para-casein network (Fig. 3c) and hence a firmer texture. This tendency is in line 335 
with the previous study on low-fat fresh Kashar cheese (Koca & Metin, 2004). 336 
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The adhesiveness of cream cheese increased with a decrease in fat content. 337 
Adhesiveness reflects the sticky characteristics of food materials. In this study, the 338 
adhesiveness of high-fat cream cheese was significantly different (P<0.05) from that of low-339 
fat and medium fat cream cheese (Table 2). The low-fat cream cheese was more sticky (2.8 N 340 
s-1) to the testing probe surface than medium-fat (2.7 N s-1) and high-fat cream cheese (1.1 N 341 
s-1). This phenomenon was possibly due to increased hydrophobicity by the presence of 342 
higher amount of fat in the product (Hennelly, Dunne, O’Sullivan, & O’Riordan, 2006). Low-343 
fat cream cheese has higher protein, hence an increased protein-matrix-probe interaction 344 
shows higher stickiness.  345 
Spreadability is the ease with which the cream cheese spreads out over a surface in a 346 
thin and even layer. Decreasing the amount of fat in cream cheese significantly increased the 347 
spreadability values of low-fat cream cheese (21.8 N s-1) compared with those of high-fat 348 
cream cheese (9.1 N s-1) (Table 2). A higher spreadability value for low-fat cream cheese 349 
means more force is required to deform and spread it than is required for high-fat cream 350 
cheese. Thus, the fat content significantly impacts on important cream cheese textural 351 
parameters like adhesiveness, firmness and spreadability.  352 
  353 
3.5. Rheological properties of cream cheese  354 
 355 
3.5.1. Flow behaviour 356 
The flow curves (viscosity versus shear rate) for low, medium and high-fat cream 357 
cheese samples are as shown in Fig. 4. All samples showed non-Newtonian shear-thinning 358 
behaviour that is typical of cream cheese (Sun & Gunasekaran, 2013).  359 
The viscosity of cream cheese significantly decreased as the shear rate increased from 360 
0.1 to 1000 s-1, with low-fat cream cheese having higher viscosity values than medium and 361 
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high-fat cheese (Fig. 4). This result is in line with the findings of Nguyen et al. (2016). The 362 
decrease in viscosity with increasing fat content is due to the disruption of the protein 363 
interactions within the cream cheese network structures. The protein interactions in cheese 364 
are supposedly electrostatic and hydrophobic, and the weak physical bonds easily break 365 
under shear stress. The apparent viscosity of cream cheese at a shear rate of 50 s-1 was 366 
examined, to get a better understanding of cream cheese behaviour during oral processing in 367 
the mouth. The results are summarised in Table 3 together with particle size analysis data. 368 
As can be seen from Table 3, the low-fat cream cheese had a higher apparent viscosity 369 
(22.84 Pa s) compared with that of medium- (8.25 Pa s) and high-fat samples (4.93 Pa s). 370 
This could be due to a bigger particle size of low-fat cream cheese as a result of protein 371 
aggregation phenomena, which was discussed previously in section 3.2. The presence of 372 
aggregates has also been reported by Krzeminski, Prell, Busch-Stockfisch, Weiss, and 373 
Hinrichs (2014) in low-fat yoghurt. As a result, the particulate attraction between proteins, 374 
indicated by compact protein matrix (Fig. 3c), will increase the resistance of cream cheese to 375 
spread or flow.        376 
 377 
3.5.2. Gel behaviour   378 
 379 
The mechanical behaviour of cream cheese can be described by the storage modulus 380 
(G′), which is a measure of its solid like behaviour, while the loss modulus (G″)  is a measure 381 
of its liquid-like behaviour (Lobato-Calleros, Rodriguez, Sandoval-Castilla, Vernon-Carter, 382 
& Alvarez-Ramirez, 2006). Changes in G′ and G″ for all three cream cheese samples as a 383 
function of frequency are shown in Fig. 5.  All cream cheese samples behaved like gels, as G′ 384 
was always greater than G″ throughout the frequency range, with an almost constant value of 385 
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tan δ.  Both moduli increased with frequency, suggesting typical weak gel behaviour 386 
(Ramírez-Santiago, Lobato-Calleros, Espinosa-Andrews, & Vernon-Carter, 2012).  387 
Fig. 5 illustrates that G′, G″ and tan δ increased as the fat level in cream cheese was 388 
decreased, suggesting changes in the viscoelastic properties of the cream cheeses. High-fat 389 
cream cheese showed a lower elastic component (smaller G′ values) compared with that of 390 
medium- and low-fat samples; this is due to the lower protein and higher MNFS content that 391 
reduces the number of intermolecular bonds and produces less viscous cheese (Zalazar et al., 392 
2002). The value of G′ at 10 rad s-1 of low-fat cream cheese was 1.6 times higher than that of 393 
the medium-fat and 2.5 times higher than that of the high-fat sample, as the high volume 394 
fraction of protein increased the probability of strong particle interactions (Table 3). These 395 
results are consistent with textural properties data (Table 2) and the MNFS values (Table 1) 396 
as well as results from previous research (Nguyen et al., 2016). These findings indicate that 397 
moisture acts as a plasticiser and fat as a lubricant, contributing to the rheological properties 398 
of cheese by increasing the flexibility of the protein matrix. 399 
A significant difference (P<0.05) was observed in loss tangent values (tan δ) of cream 400 
cheeses with different fat levels, as depicted in Table 3. The loss tangent (G″/G′) values for 401 
all the cream cheese samples were in the range of 0.24–0.32 (less than 1), which confirms 402 
that the elastic component of cream cheese is more dominant than the viscous component 403 
thus indicating gel-like behaviour (Mounsey & O'Riordan, 2001).  404 
Recent advances in oral processing (Chojnicka-Paszun, de Jongh, & de Kruif, 2012; 405 
Dresselhuis et al., 2007) suggest that the rheological properties examination of the bulk 406 
behaviour of cheese will not reveal the lubrication properties of the cream cheese. Hence, in 407 
this study, thin film rheology or the tribological characteristics of the cream cheese samples 408 
were determined by means of a tribometer, which is discussed in the next section.    409 
 410 
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3.6. Tribological behaviour  411 
 412 
3.6.1. Effect of fat percentage on the frictional behaviour of cream cheese  413 
The tribological behaviour or lubrication properties of cream cheese can be presented 414 
as a friction curve, namely the Stribeck curve. This curve can be divided into three different 415 
regimes, the boundary, mixed and hydrodynamic regimes (Dresselhuis et al., 2007). In 416 
medium and high-fat cream cheese, the three regimes that differentiate the frictional 417 
behaviour of cream cheese were clearly seen, while low-fat cream cheese showed a decrease 418 
in friction coefficient with the increase of sliding speed (Fig. 6). Low-fat cream cheese (0.5% 419 
fat) had a significantly higher friction coefficient with a very distinctive stick and slide 420 
pattern, when compared with medium-fat (5.5% fat) and high-fat (11.6% fat) cheese samples 421 
at normal force 2 N. The decreasing friction with increasing fat level is due to the formation 422 
of an interfacial film of fat, which acts as a spacer between the tribo-pair (Nguyen et al., 423 
2016). With low-fat cream cheese, the friction did not change considerably with sliding speed 424 
at the applied normal force, while for medium-fat and high-fat samples the medium speed 425 
(~1–80 mm s-1) and high speed (~ >80 mm s-1) regimes overlapped each other, and the low-426 
speed regime for the medium-fat was slightly higher than for the high-fat sample. The 427 
overlapping of medium- and high-fat samples reflects their similar gel structure and viscosity, 428 
which are in agreement with the results presented in section 3.5.2.   429 
Prakash, Tan, and Chen (2013) attributed the decreased friction in response to 430 
increased fat levels to the coalescence of fat globules on the surface of the tongue and palate. 431 
This conclusion is in agreement with other studies that related a decreasing coefficient of 432 
friction to the fat content, as the fat acts as a lubricant, although different tribological 433 
methods and conditions were used (Chojnicka-Paszun et al., 2012; Sonne et al., 2014). The 434 
adherence of protein to contact surface also influences the lubrication properties, as large 435 
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protein particles are not able to fit within the surface asperities, causing an increase in the 436 
friction coefficient (Dresselhuis et al., 2007; Sonne et al., 2014). This is confirmed in the data 437 
contained in Table 1 relating to the fat and protein content of cream cheese, as well as from 438 
adhesiveness value measured by the texture analyser (Table 2).  439 
The higher friction coefficient and gradual decrease of Stribeck curve slope as the 440 
sliding speeds were increased was evident for the low-fat cheese, which is attributed to the 441 
deformation of the elastomeric surfaces in direct contact. On the other hand, high-fat and 442 
medium-fat cream cheese generated medium and high lubrication as the viscosity of the 443 
samples changes the slope of the Stribeck curve from horizontal (low-speed regime) to 444 
negative (medium speed regime), and finally to positive (high-speed regime). From these 445 
results, it can be concluded that, for low-fat cream cheese, the stick and slide pattern is more 446 
noticeable in the low-speed regime. If the fat content was increased, there was an abrupt 447 
decrease in friction. This means that fat supports boundary film formation, thereby providing 448 
better lubrication conditions. Cream cheese is an emulsion system of fat droplets within an 449 
aqueous phase (Coutouly, Riaublanc, Axelos, & Gaucher, 2014), therefore the presence of fat 450 
allows the entrainment of the bulk emulsion to be suppressed, enabling an extended low 451 
regime with very low friction coefficient. In addition, Dresselhuis, de Hoog, Cohen Stuart, 452 
Vingerhoeds, and van Aken (2008b) also revealed that the large particle of fat globules give 453 
rise to an increased hydrostatic pressure, and keeps the tongue and palate separated, thus 454 
lowering the friction. The friction then increases as a result of entrainment of bulk fluid and 455 
the influence of proteins that together provide poorer lubrication compared with fat, as has 456 
been reported in other research (Chojnicka-Paszun et al., 2012; Dresselhuis et al., 2007).  457 
 458 
3.6.2. Effect of normal force on the frictional behaviour of cream cheese 459 
 460 
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Knowledge of the relationship between friction and fat perception is still limited. 461 
Understanding the tribology of food under mouth-like conditions would be an important step 462 
in helping to better understand fat perceptions. Chojnicka, de Jong, de Kruif, and Visschers 463 
(2008) also stated that frictional behaviour, in general, depends not only on the properties of 464 
the lubricant, but also on the force pressing the surfaces. Therefore, the effect of different 465 
levels of force applied on cream cheese with different fat content was investigated in this 466 
study. Friction tests were carried out at loads of 1, 2, 3 and 5 N to mimic the oral cavity as 467 
has been reported previously by Joyner, Pernell, and Daubert (2014a). As can be seen from 468 
Fig. 7, under the specified conditions with different normal force and over the range of 469 
sliding speeds, different lubrication regimes characterised the frictional responses of low, 470 
medium and high-fat samples. 471 
An increase in the normal force from 1 N to 5 N gave a general decrease in the 472 
friction coefficient (Fig. 7a–c) for all three cream-cheese samples, similar to the observations 473 
with ovalbumin aggregate dispersions measured at 1 N and 5 N by Chojnicka et al. (2008). In 474 
the low speed and medium speed regimes, the friction coefficient increased with decreased 475 
normal forces. The medium (Fig. 7b) and high-fat (Fig. 7c) cream cheese clearly showed a 476 
shift in high-speed regime at all the applied normal forces where the lubrication started to 477 
dominate compared with low-fat cream cheese (Fig. 7a). However, there were no significant 478 
differences in the three-speed regimes for all cream cheese categories at different normal 479 
loads, except for high-fat cream cheese in the high-speed regimes, since normal force is 480 
accounted for in the conversion of torque to friction coefficient, as explained by Joyner et al. 481 
(2014a). At lowest sliding speed, the friction coefficient of low-fat cream cheese increased, 482 
probably due to the deformation effect of protein. This result is in agreement with Joyner, 483 
Pernell, and Daubert (2014b). There is no clear explanation of the effects of various normal 484 
forces on friction behaviour. However, some studies on frictional properties of non-485 
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Newtonian materials (Chojnicka et al., 2008; Myant, Spikes, & Stokes, 2010) claim that the 486 
characteristics of the food ingredients are responsible for the differences in tribological 487 
behaviour at different normal forces. The increase of normal force also affects the pressure in 488 
the gap between the tribological surfaces thus altering the tribological behaviour of the 489 
material. 490 
The lubrication parameters (fb, am, ah) for all cream cheese samples at various normal 491 
forces were determined and are presented in Table 4. It can be seen that, at different normal 492 
forces, fb decreased with the increase of fat content; am for all cream cheese samples were 493 
similar and the friction coefficient is reduced with increasing sliding speed, while ah for high-494 
fat and medium-fat cream cheese tended to have lower slope than low-fat samples. The am 495 
(negative value) of the three cream cheeses are likely to increase with the increase of normal 496 
forces, indicating a decrease in gel viscosity. Moreover, different normal forces applied 497 
significantly changed the ah of medium (0.303, 0.311, –0.373, –0.300) and high-fat (–0.050, 498 
0.055, 0.259, –0.122) cream cheese, with the decrease of ah indicating a decrease in viscosity 499 
at high speeds.  From these results, it can be inferred (Fig. 7) that at any applied normal 500 
forces, medium and high-fat cream cheese had a lower coefficient of friction than that of low-501 
fat product at any speed-regimes. Furthermore, for all cream cheese samples, a significant 502 
difference in friction coefficient curves at normal forces 1 N compared with other normal 503 
forces (2 N, 3 N, 5 N) was observed. The low-fat cream cheese showed a more pronounced 504 
stick and slide pattern, while for medium- and high-fat cream cheese the pattern was visible 505 
well into the high-speed regime, where the force was sufficient to draw the lubricant between 506 
the interacting surfaces. This is confirmed by their texture and rheological properties that 507 
were discussed in Sections 3.4 and 3.6.  The results are also in agreement with the findings of 508 
Dresselhuis, de Hoog, Cohen Stuart, and van Aken (2008a), who observed emulsions with 509 
less viscous oils had a greater boundary regime. Initially, the friction of food products with 510 
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small amounts of fat may be due to the bulk fluid of samples. It is possible that lubrication is 511 
dominated by proteins at all sliding speeds. Karuppiah, Sundararajan, Xu, and Li (2006) also 512 
related an increase in boundary friction to the protein concentration. 513 
 514 
4. Conclusions  515 
 516 
The study highlights the significant role of fat on the tribological behaviour of cream 517 
cheese. The role of fat and proteins is further underlined by the results obtained from 518 
rheology, particle size measurement and microstructure. As the fat content of cream cheese 519 
decreased, the higher friction coefficient was determined by the protein content. This was 520 
attributed to the absence of fat that acts as a lubricant in cream cheese matrix, resulting in an 521 
increased friction at the low-speed regime. Comparing the results measured at normal forces 522 
tested (1 N, 2 N, 3 N, 5 N), it could be seen that there is not much difference between the fb 523 
values of cream cheese with different fat levels, except for 1 N. The microstructure of low-fat 524 
cream cheese showed a more compact protein network with small amount of fat globules 525 
scattered in the matrix, resulting an increased firmness caused by the high moisture to protein 526 
ratio. The results correlate well with particle size analysis, with large aggregates of gel 527 
particle observed in low-fat cream cheese. This highlights the key role played by protein in 528 
relation to texture development of cream cheese and its lubrication properties. The presence 529 
of fat, both in free and intact globular form may also influence the lubrication properties of 530 
cream cheese. The interaction between fat and protein with the tribo-pair system (adhesion, 531 
physicochemistry of the surfaces, viscosity) should be investigated further to provide a 532 
greater understanding of the mechanisms related to fat texture perceptions. As a continuation 533 
of this study, further research is being undertaken to develop a low-fat cream cheese product 534 
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which is stable and can spread easily on the tongue using an interdisciplinary approach of 535 
sensory and tribological measurements.  536 
 537 
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Figure 1 
  
Scalding 
 When curd reached pH 4.6±0.1 broken into pieces followed by heating to 55 °C in 15 min  
Fermentation (~15 h) 
Incubation in the waterbath at 25 °C  
Rennet addition 
 Mixing rennet (50 µL) with distilled water (0.75 mL) per 1 L of milk 
Starter inoculation (Chr-Hansen R-704) 
 (0.06 g 1.5 L-1) addition to each batch 
Draining 
Curd ladled into a colander lined with cheese cloth and left to drain for 5 h at ambient temperature 
Pressing 
Pressing the curd with 2 kg weight for 5 min 
Salting 
Addition of 0.5% salt (w/w) to the curd and mixed for 2 min 
Packaging 
1.5 L cheese milk per container 
 Milk with 0.1%, 1.3%, or 3.8% fat  
(for low-fat, medium-fat or high-fat cream cheese, respectively) 
Pre-warming  
Warming the milk in a waterbath at 25 °C 
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Table 1 
Composition and yield of cream cheese.a 
Variable Low-fat Medium-fat High-fat 
Fat (%) 
Protein (%) 
Total moisture (%) 
Moisture: protein (M:P)  
MNFS (%) 
Cream cheese yield (%) 
0.5 ± 0.07c 
13.9 ± 0.66a 
75.21 ± 1.20a  
5.41 ± 0.35c 
75.59 ± 1.28b 
15.8 ± 0.10b 
5.5 ± 0.25b 
11.5 ± 0.50b 
71.89 ± 0.76b 
6.28 ± 0.33b 
76.07 ± 0.61b 
16.9 ± 0.15b 
11.6 ± 0.65a 
9.4 ± 0.40c 
70.65 ± 0.10b 
7.50 ± 0.32a 
79.93 ± 0.50a 
24.6 ± 0.87a 
 
a
 Abbreviation: MNFS, moisture non-fat solids. Values are expressed as means ± SD; values 
with different superscript letters in columns show significant differences according to 
Tukey’s pairwise comparison (P<0.05). 
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Table 2 
Effect of fat content on the textural parameter values of cream cheese.a 
 
a
 Values are expressed as means ± SD; values with different superscript letters in rows show 
significant differences according to Tukey’s pairwise comparison (P<0.05). 
 
  
Types of cream cheese Firmness (N) Spreadability (N s-1) Adhesiveness (N s-1) 
Low-fat 
Medium-fat 
High-fat 
3.1 ± 0.07a 
1.7 ± 0.04b 
1.3 ± 0.09c 
21.8 ± 0.40a 
12.5 ± 0.21b 
9.1 ± 0.59c 
2.8 ± 0.09b 
2.7 ± 0.32b 
1.1 ± 0.21a 
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Table 3 
Mean values for apparent viscosity (η50), gel behaviour (G′, G″ and tan δ), mean diameter 
D[3,2]
 
and d(0.9)
 
of cream cheese with varying fat levels.a 
Cream cheese type Viscosity η50 
(Pa s) 
Gel behaviour (Pa)  Particle size distribution  
G′ G″ tan δ D[3,2] (µm) d(0.9)
 
(µm) 
Low-fat 22.84 ± 3.62a 13747 ± 1052a 4476.0 ± 566.1a 0.32 ± 0.02a  18.2 ± 1.9a  159.52 ± 31.6a 
Medium-fat 8.25 ± 0.85b 8481 ± 1257b 2412.3 ± 396.2b 0.28 ± 0.01b  11.3 ± 0.6b 29.61 ± 0.7b 
High-fat 4.93 ± 0.01b 5509 ± 3059b 1299.2 ± 716.2b 0.24 ± 0.01c  8.1 ± 0.2c 20.40 ± 0.9b 
 
a
 Viscosity measured at a shear rate of 50 s-1. Gel behaviour measured at angular frequency 10 
rad s-1. Values are expressed in means ± SD from three replications; values with different 
superscript letters in rows show significant differences according to Tukey’s pairwise 
comparison (P<0.05).  
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Table 4 
Parameters fb, am, ah obtained from equations 1, 2 and 3 for cream cheese with different fat 
levels at different normal forces.a 
Sample fb am ah 
Low-fat cream cheese 
Low-fat, 1 N 
Low-fat, 2 N 
Low-fat, 3 N 
Low-fat, 5 N 
 
0.817 ± 0.007a 
0.548 ± 0.003b 
0.485 ± 0.048b 
0.444 ± 0.034b 
 
-0.152 ± 0.035a 
-0.185 ± 0.033a  
-0.149 ± 0.037a 
-0.149 ± 0.015a 
 
0.233 ± 0.651a  
0.177 ± 0.251a 
-0.002 ± 0.104a 
0.006 ± 0.044a 
Medium-fat cream cheese 
Medium-fat, 1 N 
Medium-fat, 2 N 
Medium-fat, 3 N 
Medium-fat, 5 N 
 
0.580 ± 0.021a 
0.238 ± 0.004b 
0.242 ± 0.001b 
0.225 ± 0.008b 
 
-0.232 ± 0.048a 
-0.233 ± 0.085a 
-0.105 ± 0.005a 
-0.129 ± 0.003a 
 
0.303 ± 0.099a 
0.311 ± 0.021a 
-0.373 ± 0.031b 
-0.300 ± 0.020b 
High-fat cream cheese 
High-fat, 1 N 
High-fat, 2 N 
High-fat, 3 N 
High-fat, 5 N 
 
0.217 ± 0.006a 
0.181 ± 0.013a 
0.181 ± 0.012a 
0.189 ± 0.011a 
 
-0.411 ± 0.132a 
-0.401 ± 0.150a 
-0.273 ± 0.168a 
-0.067 ± 0.007a 
 
-0.050 ± 0.047bc 
0.055 ± 0.006b 
0.259 ± 0.183a 
-0.122 ± 0.040c 
 
a
 Values are expressed in means ± SD from three replications; values with different 
superscript letters in rows in the same group show significant difference according to Tukey’s 
pairwise comparison (P<0.05).  
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Figure legends 
 
Fig. 1. Schematic flow diagram of the low-, medium-, and high-fat cream cheese 
manufacturing process made from milk with fat content of 0.1%, 1.3% and 3.8%, 
respectively. 
 
Fig. 2. Particle size distribution of (a) cream cheese and (b) milk: , low fat cream cheese or 
0.1% fat milk; , medium fat cream cheese, 1.3% fat milk; , high-fat cream cheese, 3.8% 
milk.  
 
Fig. 3. Confocal micrographs of cream cheese samples (a) high-fat (b) medium-fat, (c) low-
fat, with Nile red and Rhodamine B for staining fat (green) and protein (red), respectively. 
 
Fig. 4. Viscosity (Pa s) of the cream cheese samples at different shear rates (s-1): , low-fat; 
, medium-fat; , high-fat. 
 
Fig. 5. Storage modulus (G′: , , and▼) and loss modulus (G″: , , and ) of the three 
cream cheese samples ( and , low-fat;  and , medium-fat;  and , high-fat) and 
loss tangent (tan δ: , low-fat; , medium-fat; , high-fat) of the three cream cheese 
samples over a frequency range of 0.1–100 Hz. 
 
Fig. 6. Friction coefficient of cream cheese with different fat concentrations (, 0.5% fat; , 
5.5% fat; ▼, 11.6% fat) as a function of speed measured with normal force 2 N. 
 
Fig. 7. Friction coefficients of cream cheese for: (a) low-fat; (b) medium-fat; (c) high-fat, as a 
function of speed measured with various normal force (, 1 N; , 2 N; ▼, 3 N; , 5 N). 
